Abstract: The problem of constructing millennia-long tree-ring chronologies from overlapping segments of cross-dated ring-width series is reviewed, with an emphasis on preserving very low-frequency signals potentially due to climate. In so doing, a fundamental statistical problem coined the 'segment length curse' is introduced. This 'curse' is related to the fact that the maximum wavelength of recoverable climatic information is ordinarily related to the lengths of the individual tree-ring series used to construct the millennia-long chronology. Simple experiments with sine waves are used to illustrate this fact. This is followed by more realistic experiments using a long bristlecone pine series that is randomly cut into a number of 1000-, 500-and 200-year segments and standardized using three very conservative methods. When compared against the original, uncut series, the resulting 'chronologies' show the effects of segment length even when the most conservative and noncommittal method of tree-ring standardization is applied (i.e., a horizontal line through the mean). Alternative schemes of chronology development are described that seek to exorcise the segment length curse. While they show some promise, none is universal in its applicability and this problem still remains largely unsolved.
Introduction
The development of millennia-long tree-ring chronologies often involves the use of wood specimens collected from both living trees and subfossil logs or remnants of a given species in a region. The overlapping tree-ring series from these specimens are linked together through crossdating, and this process enables the chronology to be extended back in time, in some cases several thousand years (e.g., Ferguson and Graybill, 1983; Pilcher et al., 1984) . Given that strong crossdating exists between the overlapping tree-ring series, the process of chronology development by a trained dendrochronologist is somewhat mechanical and relatively straightforward if the primary purpose of the long chronology is for tree-ring dating alone. With this purpose in mind, Ferguson (1969) applied a 7-year high-pass filter to his 7104-year bristlecone pine chronology prior to its publication, with the realization that lowfrequency growth fluctuations due to climate had been be driven by climate as well as by ageing or changes in stand structure and site conditions, a trend that could exceed the length of any of the individual segments and even the maximum lifespans of the tree species being exploited. The usual methods of tree-ring standardization (described below) do not take into account this possibility because they were largely developed for processing ring-width series from stands of comparatively young (i.e., centuries-old) living trees. In this situation, ring-width growth trends are usually assumed to be generated by nonclimatic processes related to changing tree size and age and by stand dynamics. For this reason, such trends are modelled as nonclimatic noise and removed using some kind of curve fitting or filtering method (Cook, 1987; Briffa et al., 1987; Cook et al., 1990) . Thus, traditional treering standardization methods would seem to place a fundamental limit on the resolvability of very low-frequency climatic fluctuations from tree-rings when climate changes more slowly than the typical life span of the trees being studied.
Next, we will describe in more detail the relationship between the segment length curse and traditional tree-ring standardization used in creating tree-ring chronologies. This will be followed by a review of some methods that have attempted to exorcize this curse from long tree-ring chronologies.
Tree-ring standardization and resolvability
Consider an idealized series of radial increment measurements Rt that is n years in length, collected from a tree growing in a disturbance-free, open-canopy forest. While somewhat unusual worldwide, such forests can be found in semi-arid regions, typically at the upper and lower elevational limits of tree growth. Now based on the allometry of tree growth and its effect on radial increment (and ignoring the early juvenile growth increase often found in such trees), it is usually the case that this 'raw' ring-width series will exhibit a decreasing trend with increasing age out to some positive, asymptotic limit k for over-mature trees. A useful model for this age-related trend in ring-width series is the modified negative exponential curve (Fritts et al., 1969) 
of the form:
where a is the intercept, b is the slope, k is the aforementioned asymptote, and t is time in years. Since the observed trend in ring widths is generally believed to be mostly biological in origin (as far as it is related to tree age and size), the usual practice is to remove it from the tree rings by fitting some sort of smooth growth curve to the ringwidths, like the modified negative exponential curve. The fitted annual growth curve can be thought of as a series of expected values of growth that would have occurred anyway in the absence of higher-frequency influences on ring width due to climate variability and other exogenous variables. That is:
Taking the ratio of the actual-to-expected ring-width for each year yields a set of dimensionless tree-ring 'indices' with a defined mean of 1.0 and a roughly homogeneous variance, viz:
where R, and G, are the actual and expected ring-widths and I, is the resultant tree-ring index, all for years t = l,n. An alternative way of expressing this relationship, and one that is much more informative, is due to Monserud (1986) (Fritts, 1976) . Most importantly, the transformation to indices allows for averaging the cross-dated series from m individual trees into a mean-value function that more reliably reflects the highfrequency variations in growth presumably not related to the biological growth trends that were removed.
Up to this point, the standardization procedure just described is valid for constructing any mean tree-ring chronology, whether from living trees, subfossil wood, or an overlapping combination of both. The actual kind of expected growth curve used to standardize the ring-width series might change depending on the characteristics of the data (Cook, 1987; Cook et al., 1990) , but the mechanics of standardization will remain the same. However, for simplicity we will continue to use hypothetical tree-ring data that only require simple, monotonic growth curves to model the biological growth trend. Now, given the development of a mean-value function of standardized tree-ring indices from m trees, how do the lengths of the individual trees affect the amount of recoverable climatic information in the overall record?
If only living trees of comparable age are used to generate the mean index series, the maximum wavelength of recoverable climatic information will approach the total length of the mean tree-ring chronology being analysed. In the frequency domain, this information will be distributed in various ways from the highest (or Nyquist) frequency of 1/2 cycles per year (cpy) for annual data to the lowest frequency of 1 /n cpy. The latter is referred to as the 'fundamental frequency' (Jenkins and Watts, 1968) and is the lowest-frequency component in a time series that can be theoretically resolved from the longterm mean or trend (i.e., that which was removed by standardization). In the time domain, this is equivalent to a sine wave with a wavelength of n years. So for a 300-year chronology, it is possible in principle to identify a climatic fluctuation or cycle of that duration in the data (in fact, the realistic frequency limit is probably more like 3/n, or 100 years in this case). Granger (1966) These represent the lst, 2nd and 4th harmonics of a 1000-year time series, with the 1st harmonic being the fundamental one. In this example, we will assume the combined series in Figure  Ib represents the overall low-frequency climatic signal in a raw (i.e., unstandardized) tree-ring series. Due to the orthogonality of trigonometric functions, each harmonic has a correlation of 0.577 with the sum, i.e., each explains 1/3 of the total variance. Note the negative trend in the signal that is fitted by a linear regression curve. The trend is primarily due to the 1000-year harmonic. While a change in this harmonic's initial phase would alter the overall trend or even reverse it if the initial phase was shifted 180°, there is no a priori reason to modify it in any particular way.
Barring any prior information about the potential climatic significance of this trend, it is possible, or even likely, that it would be removed by standardization in the belief that it was principally biological in origin. Given this assumption, we removed the fitted linear trend and, in so doing, most of the 1000-year variance. In fact, the correlation between the 1000-year harmonic and the residuals from the linear trend line is only 0.059, much smaller than the expectation of 0.577 based on the original series in Figure lb . The residuals from the curve are compared to a composite of the 500-and 250-year harmonics alone in Figure lc . The correlation between the residuals and this reduced true signal is 0.796, a result that is consistent with expectation (0.816). The correlations of the individual 500-and 250-year harmonics with the residuals (0.439 and 0.688 respectively) are still reasonably close to expectation (0.707), although there is also clear degradation in the fidelity of the 500-year signal. However, the inadvertent loss of the 1000-year signal indicates that preserving signal strength at the theoretical resolution limit of 1 /n may be difficult to achieve in practice if any kind of detrending is used. This result clearly illustrates the difficulty in trying to preserve variance at wavelengths longer than the series length when any kind of detrending is used. Figure 2a expands the previous example by considering the case where three overlapping 500-year segments, each containing portions of the same 3-harmonic composite signal, are individually detrended. The composite signal is the same as that used previously (see Figure lb) and the three trend lines shown cover the segment intervals. The slopes and intercepts differ noticeably even though they ought to be identical in theory. The result of these differences is revealed in Figure  2b , which shows the three overlapping sets of residuals. In the centre portion, there are some obvious offsets and biases that translate into a further loss of signal fidelity, as suggested in the previous section. The mean of these three 'standardized' series was compared to the composite of the 500-and 250-year harmonics. This comparison, shown in Figure 2c , reveals the loss of fidelity due to standardizing the three 500-year overlapping segments, as opposed to standardizing the full 1000-year record. As before, the 1000-year signal has been effectively removed so the comparison only involves the 500-and 250-year harmonics in the expected signal. We have chosen three different segment lengths in this experiment: 1000, 500 and 200 years. The 1000-and 500-year lengths are in the range of the tree-ring series used to construct millennia-long bristlecone pine chronologies (Ferguson, 1969; LaMarche, 1974; Ferguson and Graybill, 1983) , while the 200-year length is more typical of series used to construct the long European oak chronology (Pilcher et al., 1984) .
Each segment length test was performed as follows. For each segment length (NL), the original series in Figure 3a was broken up into a number of segments (NS) (Figure 3a) . Only the low-frequency (>200-year) signal in each segment length chronology is compared with that from the original series ( Figure 3b) . (a-c) The resulting tree-ring chronologies developed from the three segment length experiments using different detrending methods. A comparison of these results with the original series indicates that most of the low-frequency variance is preserved using 1000-year segments and the most conservative method of detrending, the arithmetic mean. Conversely, almost all of the lowfrequency signal is lost in using 200-year segments and unconstrained linear detrending. recruitment and mortality had occurred in the past. This result should serve to caution against the overinterpretation of changing sample sizes over time (when these are generally based on low replication) as a proxy for past climatic/ environmental change. It also indicates that the significance of such observed changes might be tested using a random sampling procedure of the kind used here.
For each segment length, the NS segments were standardized using each of three detrending methods described above and averaged together to produce a mean index chronology of length 2757 years for comparison with the original series. Figure 5a -c shows the results of these experiments. Only the low-frequency (i.e., >200-year) component produced by each experiment is compared to that of the original (see Figure 3b) since this is where the largest effects of segment length should be found. Table 1 provides more quantitative information about the loss of signal amplitude and fidelity in both the unfiltered and low-pass filtered segment length series.
The 1000-year segment length experiments produced results that are very similar to the original series if the detrending was limited to either removal of the arithmetic mean or constrained linear detrending (Figure 5a-b) . The generally good preservation of the low-frequency signal is probably due to the fact that the dominant low-frequency fluctuations in the original series do not noticeably exceed 1000 years. The similarity of these results is also due to the Figure 5c ), the low-frequency correlation is only 0.689. So, only 47% of the original low-frequency variance has been preserved due to the 1000-year segment length and unconstrained linear detrending.
The results of the shorter segment length experiments reveal much more serious losses of signal strength, as would be expected from theory. The arithmetic mean and constrained linear detrending experiments again produced somewhat similar results for the 500-year segment length experiment, only in this case the latter actually produced a slightly better low-frequency signal (R2 = 0.652) compared to the former (R2 = 0.603). However, the loss of low-frequency amplitude in either case is still quite high (falling from 0.263 to 0.110 and 0.089, respectively). In contrast, unconstrained linear detrending resulted in a catastrophic loss of both lowfrequency signal fidelity (R2 = 0.091) and amplitude (falling from 0.263 to 0.064).
Finally, the 200-year segment length experiments show the continued degradation of the low-frequency signal that would be expected from the segment length curse. In this case, only the arithmetic mean has preserved any semblance of the original low-frequency signal (R2 = 0.244), although the amplitude is now only 18% of its original level (falling from 0.263 to 0.047). Constrained linear detrending now separates Figure 6 Power spectra of the original series plus the four mean chronologies generated by the different segment lengths and detrending methods. The spectral estimates are only shown over the frequency band 0-0.04 because the higher-frequency estimates are virtually identical. Note the clear loss of low-frequency power in the spectra related to segment length. Also, some additional lowfrequency variance in excess of the lln resolvability limit is preserved in the 1000-year segment length case if only the arithmetic mean is removed. more clearly from the arithmetic mean, with R2 falling from 0.244 to 0.032. Unconstrained linear detrending produced even worse results, with R2 falling from 0.244 to -0.372, a literal sign reversal in the relationship between the original and 200-year segment length low-frequency signals. Although small in amplitude (only 12% of the original low-frequency signal), this artifact clearly indicates the potential danger in overinterpreting low-frequency signals in tree-ring chronologies that exceed the mean segment length used in constructing those series. Figure 6 shows the power spectra (Jenkins and Watts, 1968) of the unfiltered series generated by the segment length experiments. The spectral estimates are only shown over the frequency range 0-0.04 because the spectra are nearly identical in the higher frequencies. These spectra further confirm the loss of low-frequency variance due to the segment length curse. However, the arithmetic mean method has preserved somewhat more low-frequency variance than the 1 /n resolvability limit should necessarily permit. This is due to the fact that the 'trend in mean' was not actually removed from any of the segments. When all linear trends are removed by unconstrained detrending, the conspicuous decline of lowfrequency variance occurs almost precisely where it should for each segment length experiment, i.e., at periods of 1000, 500 and 200 years.
Exorcizing the curse -possibilities
From the results of the previous experiments, the segment length curse is revealed as a serious constraint on the extraction of long-period climatic information from millennia-long tree-ring chronologies. At the very least, great effort should be made to utilize the longest individual treering series available, even if it means some loss of sample size by rejecting shorter series when practical. However, it is also apparent from the experiments using the long bristlecone pine series that the 'trend-in-mean' in raw tree-ring data may, in fact, mean something climatically in certain situations.
Therefore, some effort has been made to preserve this information in the development of millennia-long tree-ring chronologies. The simplest approach, used by LaMarche (1974) Figure 7 , along with another version of the same record obtained by detrending and standardizing the individual segments prior to averaging. The loss of low-frequency variance in the latter record is clearly apparent even though the detrending used was extremely conservative (i.e., negative exponential and linear detrending only). Not only has a large amount of low-frequency variance been removed by standardization, but the temporal history and timing of inferred climatic change is, for some intervals, markedly different. The power spectra of these records (Figure 8) indicates that the majority of the low-frequency variance lost was at wavelengths longer than 700 years. This result is consistent with the 532-year mean segment length of the Campito Mountain ring-width series collection (656 years for the living trees, 452 years for the subfossil wood remnants, and a total range of 69-1460 years). The segment length curse is clearly operative here when the data are detrended and standardized into treering indices.
The additional low-frequency variance preserved in the mean ring-width record has been interpreted by LaMarche (1974) as being principally due to changing summer temperatures. Indeed, this record, especially the outer 1000 years, has been used as a virtual canonical expression of interdecadal to century-scale temperature variability over large areas of the Northern Hemisphere (e.g., Lamb, 1982 (Pilcher et al., 1984) or the Scots pine (Pinus sylvestris) collection from Fennoscandia , where the ring-width series are relatively short and biological growth trends are strongly apparent through much of the trees' lives. This indicates the need to find other methods for better preserving the low-frequency information due to climate.
One such alternative method is 'regional curve standardization' (RCS), a term coined by Briffa et al. (1992) to describe the use of an empirically defined age/growth function used in Figure 8 The power spectra of the two Campito Mountain records. Note the decrease in variance in the lowest frequencies in the standardized series (7B). This decrease is almost precisely where it should be if the segment length curse is taken into account. However, it is not clear how much of the additional low-frequency variance in the raw ring-width chronology is truly due to climate variability. earlier studies (e.g., Mitchell, 1967 ; see also Becker, 1989 and references in Cook et al., 1990) . The premise behind RCS is that there is a single, common age and size-related biological growth curve for a given species and site that can be applied to all series regardless of when the trees were growing.
Because this standardization curve is assumed to be an intrinsic, time-invariant feature of tree growth for the species and site under study, RCS allows for the possibility that the overall level of actual tree growth during any particular time period may be systematically over-or underestimated by the regional curve due to changing climatic/environmental conditions. In this sense, RCS allows for long-term changes in the mean due to climate, while at the same time removing trend that is believed to be mostly biological in origin.
The regional curve is estimated empirically by aligning the ring widths not by calendar year but by ring age from the pith. In performing this age-based alignment, the crossdated annual changes in ringwidth between trees due to climate are forced out of alignment and effectively averaged out in the creation of mean regional curve. Even so, the resulting meanvalue function is only a coarse estimate of the true regional curve, so a theoretical standardization curve, like the modified negative exponential, is fitted to the series to provide the best estimate of the true regional curve (Figure 9 ). This final estimate of the regional curve is then used to standardize the individual raw ring-width series in the manner described earlier.
As discussed in Fritts (1976: 279) and noted by Briffa et al. (1992) , there are several sources of potential error in the RCS procedure. For example, assigning the exact biological age to each ring can be difficult when the series does not begin at the pith. In such cases, either a reasonable guess must be made or the first measured ring is assumed to be the first year of tree growth (Briffa et al., 1992) . Either way, the resulting indices will be somewhat biased. However, when the standardized indices are realigned according by calendar year and averaged together, this effect should largely disappear (Briffa et al., 1992 
